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ABSTRACT

The use of refractory materials
(metals, silicides and composites) in
VLSI circuits is reviewed. Material
consideration, including deposition
techniques, film structure, electrical
and mechanical prorerties, are covered.
Gate structures implemented with a
variety of refractory materials are
described. Semiconductor device
processes incorporating these materials
--plasma etching, ion implantation,
oxidation--are discussed from the
perspective of VLSI compatibility.
Characteristics of MOS devices and
circuits using refractory technology
are reviewed.
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I. INTRODUCTION

Refractory metals and metal silicides
have been recently under active
development for use as gate and inter-
connection materials in very-large-
scale-integrated (VLSI) circuits. The
main advantage of these refractory
matérials over conventional doped
polycrystalline silicon (poly-Si) is
thelir high conductivity. Since it has
becbme apparent that the scaling down
of semiconductor devices may not lead
to overall higher performance unless
low resistance gates and interconnects
are implemented, refractory materials
are becoming an indispensable part of
any VLSI process.

To quantitatively describe the reia-
tionship between signal propagation
delay and line resistance, an open-end,
unloaded transmission line model was
used for 1000 ym~long lines of Mo,
Mosi2 and poly-Si. The sheet resist-
ance assumed were 0.2, 2 and 20 Q/o
sgquare, respectively. The thicknesses
of the oxide layer underneath,the
signal line were 250 and 5000A repre-
senting typical active and field areas,
respectively. Also, the fringing field
effect due to narrow line width has not
been included. The results of the sim-
ulation are shown in Fig. 1. The delay
time_ with a metal line over 250 and
o 5000A oxide is only 20 and 300 ps
o respectively (A and C). The silicide
and the poly-Si lines, on the other
R hand, ~an delay the signal for 150 ps
‘e and 1.2 ns respectively when running
: over field oxide regions (B and D).
It is worth noting that the present
simulation probably represents the best
case in signal response because both
: loading of the line and fringing field
‘e effects degrade the response time.
Hénce, replacement of poly-Si with
rafractory metals or metal silicides
can alleviate this problem in very high
speed and high density microcircuits.

[ In this paper the development of
refractory materials for VLSI circuits
is reviewed. , The following aspects
are covered: thin film structural and
electrical properties, processing tech-

: nology (patterning, oxidation, ion

4 implantation and contacts), gate
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o structures (metal, silicide,
composite), device and circuit charac-
teristics. :

(Figure 1)
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II. MATERIALS PROPERTIES

In this section, thin film material
properties of refractory metals and
metal silicides are discussed.

In Table 1, the elements which form re-
fractory metal silicides are shown.

(Table 1)

“N.p B ¢

In® particular, the deposition,
structure, composition and resistivity
of Mo, W, MoSi., NbSi_, WSi,, TaSi.,
TiSi, and rela%ed comgosite% are 2
reviewed.

A. Deposition

Chemical vapor deposition (CVD), sput-
tering and electron-beam evaporation
are the main methods used for thin film
deposition.

For refractory metals, the use of CVD
usually regquires the reduction of the
related halide compound. 1In the case
of Mo deposition, MoF6[1] and MoC15[2]
are employed, while for W deposition
WFg (3] and WC15[4] are used. The
fluoride process regquires more control
as HF is released during hydrogen re-
duction and can etch the underlying
thin gate oxide. Sputtering and e-beam
deposition are mostly physical pro-
cesses and do not depend on the spe-
cifics of the reaction process as CVD
does. However, other problems arise,
such as incorporation of sputtering
gas atoms or radiation damage [5].

Deposition of metal silicide films has
to take into account additional con-
siderations, such as stoichiometry. DC
magnetron sputtering and evaporation
are the methods most frequently used
[6;7,8]. Co-deposition methods (9, 10]
aré the most attractive because of
fléxibility in the silicon/metal ratio
obtained. CVD has not been employed in
the deposition of silicides because of
undesirable formation of intermediate
silicide phases [11].

B. Structure and Composition

The structure of the refractory metals
studied (Mo and W) is body-centered
cubic. The thin films exhibit columnar
grains and are strongly oriented on
oxidized silicon substrates [12].




Secondary-ion mass spectrometry (SIMS)
reveals that carbon is a major contam-
inant in Mo films.

]! The structure of most refractory metal
silicides is either hexagonal or tetra-
gonal. Molybdenum disilicide exhibits
both phases. It is hexagonal for temp-
eratures below 800°C and changes to

- tqpragonal above that point ([13}.

- %

Irf Fig. 2, the x-ray diffraction .
pattern of a 3000 &-thick molybdenum

silicide (Si/Mo~2.2) film is shown.

The film was deposited by cosputtering

from the elemental targets and then

annealed at 1000°C for 1 hr. The

spectrum indicates that the only sili-

cide phase present is tetragonal MoSiz.
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(Figure 2)

Tungsten disilicide is normally tetrag-
onal. The hexagcnal phase is less
stable than its MoSi; counterpart and
has been observed only recently (14,62,
63]. NbSi; and TaSi; thin films show
only the hexagonal structure (15,16].
TiSi, is the only silicide to show the
orthorhombic phase in thin film form
[17]. Since the desired composition
(of the disilicide) is the most sili-
con-rich phase, a silicon/metal ratio
greater than two is employed to prevent
the formation of intermediate phases
[(18,22]. Major contaminants detected
in sputtered silicide films are carbon
and argon [15,19].

B atw ann e ass aiy 4 PSR AR I
. . B P
. - L

C. Resistivity

In bulk form, the resistivity of most
refractory metals falls between 5 to
10uQ-cm and for most refractory sili-
cides the range is 20 to S50uQ-cm [20].

¢ In-thin film forms, the resistivity re-
i ported [21] for Mo is 8uQ-cm for e-beam

- evgporation, 14uQ-cm for RF-sputtering
' ang 10.5yQ-cm for DC-magnetron sput-

- tering. In the case of W, the resis-

' tivity values reported [21] for each

deposition technique are 13, 34 and

21uQ-cm, respectively. CVD deposition

results in the lowest reported resis-

tivity for both Mo(6.5uQ-cm) [1l] and

W(S5u-cm) (4], approaching bulk values.

IEndihach £2 ma s A EL SIS Sk o i S ol o et L

The thin film resistivity of the sili-
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cides is highly dependent on deposition
technique. For example, MoSiz films
prepared by e-beam co-evaporation [9],
RF sputtering [7], DC sputtering [6,19]
and cosputtering [22] showed a resis-
tivity of 45, 60, 120 and 100uQ-cm,
respectively.

IntFig. 3, the sheet resistivity of
twb cosputtered molybdenum silicide
fidms (Si/Mo=2 and 2.3) are shown as a
fuhction of isochronal annealing temp-
erature.

(Figure 3)

For comparison, the MoSij; bulk resis-
tivity is 22uQ-cm [20]. The thin film
resistivity of WSi,, NbSiz and TaSi,
closely parallel tge case of MoSijy.
TiSi; shows substantially lower resis-
tivity for all deposition techniques,
with the lowest value of 21uf}-cm (vs.
17uft-cm bulk value) reported for e-beam
evaporation [23].
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III. GATE STRUCTURES

The implementation of novel materials
into a gate structure suitable for
VLSI requires, in addition to low
resistance, a high melting point. How-
ever, there are substantial differ-
ences on the other gate structure
régquirements between refractory metals,
métal silicides and various composites.
- X

IR Fig. 4, four different refractory
gate structures involving the metals
and/or metal silicides are illustrated.

(Figure 4)

A. Refractory Metals

Refractory metals, such as Mo and W,
have a resistivity of 5-10uQ-cm, which
is at least two orders of magnitude
lower than that of polysilicon. How-
ever, they have poor resistance to
oxidation and to chemicals used in
semiconductor processing. In addition,
some refractory metals (such as Mo and
W) exhibit columnar grains [12,21] are,
thus, prone to mobile ion contami-
nation. Therefore, one of the key
requirements for the use of the refrac-
tory metal gate approach is proper
gate passivation. This has been ac-
complished using doped glass (PSG)
[24,25), self-grown silicide ([26,27]
and silicon nitride/oxide [28] and
molybdenum nitride [29]. Doped phos-
phosilicate glass containing 2 % or
more phosphorus has been found to be
an effective gettering agent for the
mobile ions [25]. The self-grown
silicide and deposited Mo-nitride pas-
sivation techniques are discussed in
the section on composite structures.
The silicon nitride passivation has
also been successfully used (28] with
the additional advantage of deposition
i an oxygen-free ambient. This pre-
vents possible oxidation of the gate
mgtal during passivation.

B. Refractory Metal Silicides

Refractory metal silicides generally
have resistivities of 50-100uf-cm,
which places them in between those of
the refractory metals and of doped
polysilicon. However, like poly-si,
the silicides have a high resistance
to chemical attacks and can grow a




o high~-quality and self-limiting oxide.
- The oxidation process of the silicide
- film produces silicon dioxide and ‘can
28 partially (or totally) consume the film

(4 resulting in a higher sheet resistance .
- ?nd c?n lead to lower gate reliability
9,30].

Mbsi, gate structures have been shown
t0 be overall compatible with SiO; and
-S%%N4 gate dielectrics ([6,7]. Other
sllicide gate structures incorporated
in MOS devices include NbSi, [15] and
WSiz [31].

C. Composite Materials

A variety of composite gate materials,
involving refractory metals and sili-
cides, have been investigated with the
goal of enhancing the overall charac-
teristics of the MOS structure.

i. Silicidation Approach.

One disadvantage of the refractory
metal gate is its poor oxidation re-
sistance. Since the metal oxides are
volatile at high temperatures, surface
passivation techniques (as described
in Section IIXI.A) usually involve
deposited dielectrics. An alternative
is the process of silicidation [26,27]
in which molybdenum is reacted with
SiH4 to form a surface layer of molyb-
denum silicide. The Mo/MoSi, compo-
site (so-called "heart-of-moly") has
the advantage of good oxidation prop-
erties, which the metal itself lacks.

The sheet resistance of the composite
structure as a function of reaction
time is shown for two SiH, flow rates
in Fig. 5. As can be seen, the higher
flow rate results in a faster conver-
sion of the Mo into MoSi, and thereby

a higher sheet resistance. This struc-
tural modification can be clearly seen
from the corresponding x-ray data

(Big. 6) taken on samples A and B.

(Figure 5)
(Figure 6)

ii. Metal Nitride Approach.

Other disadvantages of the refractory
metal gate are mobile ion contamination
and ion channeling due to its columnar
grain structure. By fabricating a com-
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posite gate material which combines
the metal (Mo) with one of its
nitrides'(MozN), an effective ion-
barrier is introduced [29]. Since the
nitride is metallic in character it
does not lower the gate conductivity
greatly.

iji. Polycide Approach.

Ope disadvantage of the silicide gate
agproach is the consumption of the
layer during oxidation. To prevent
this problem, a polysilicon pad can be
placed between the gate dielectric and
the silicide layer [8,9]. This poly-
cide approach has been shown to effec-
tively preserve the low silicide gate
resistivity while .naintaining the high
reliability of silicon-gate technology.
The polycide approach has been realized
in structures using WSi, [8,9,32],
Mosi, (33,34], Tasip [30,35,36], Tisi,
[23,30,37].

Various techniques have been employed
to realize such a polycide structure.
These include: a. deposition and doping
of the poly-Si pad followed by depo-
sition {(or co-deposition) of the sili-
cide [8,9,23,30,34]; b. deposition and
doping of the poly-Si pad followed by
deposition of the metal and by sinter-
ing [40,42]. Because of the lower
conductivity of the poly-Si pad, the
resistivity of the polycide structure
is controlled by the silicide. 1In the
case of the WSi,/n+ poly-Si gate, a
sheet resistance of 1.2Q/awas reported
[9] for a cgmbined structure _consist-
ing of 2500A of WSi, on 30008 of doped
poly-Si. For TiSi, and TaSi, (2700A)
cosputtered on poly-Si, sheet resist-
ances of 1 and 2Q/s were obtained ([30].
Threshold voltage and gate breakdown
voltage distribution for polycide-gate
devices have been shown [8,9] to be
egduivalent to those with silicon-gate.

D’ Edge-Defined Structures

T6 fabricate sub-micron gate structures
without elaborate lithographic systems,
edge-defined technique have been em-
ployed with silicon-gate technology
[38]. The edge-defined approach
usually involves the following steps:
(a) definition of a vertical edge; (b)
conformable deposition of either a gate
material (direct technique) or a
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material to be used as a transfer mask
(indirect technique); (c) anisotropic
etching of the conformable film,
resulting in a residue along the
initial edge; (d) selective removal of
the initial step material, leaving only
the residue; and (e) transferral of

the pattern with an underlying gate
material layer (indirect technigque
ohily) . The direct edge-defined process

.segquence is shown schematically in

Fig. 7.
(Figure 7)

Even though the edge-defined tech-
nigques are basically not oriented
toward high-density circuits, they
offer the ability to fabricate and
study the sub-micron device components
of VLSI. The direct edge-defined tech-
nique has been applied to MoSij-gate
MOS structures [39]. Al steps, defined
by CClyg plasma etching, were used in
conjunction with MoSi, films etched in
NF3 plasmas to achieve controllable
line widths as small as 0.1luym.

SEM micrographs of an edge-defined
structure is shown in Fig. 8.

{Figure 8)
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IV. PROCESSING TECHNOLOGY

To incorporate refractory materials
into the integrated circuit fabrica-
tion, the development of specific pro-
cesses is required. These include
etching for pattern definition, oxi-
dation, the effect of ion implantation,
and contact formation. In this
section, the work covering processing
teéchnology with refractory materials
is discussed.

A. Patterning

Pattern definition is an important step
in the circuit fabrication sequence.
Conventional wet chemical etching tech-
iques which usually results in iso-
tropic edge profiles are not adequate
for high resolution VLSI structures.
Various dry etching methods, such as
planar plasma etching and reactive ion
etching, have been widely investigated.
Whereas dry etching of silicon has

been extensively studied ([43], rela-
tively little work has been reported
for refractory metals and metal sili-
cides. Most of the work on these
materials is confined to flurocarbons,
such as CF4/0, [21,44,45,46], and to a
lesser degree, NF [47 48], SF6 [49],
and CC14/02 [37,58]

In the case of silicide etching in
CF,/0, plasma, the basic mechanism
presumed [44] to involve the reaction
of the silicide with fluorine radicals
resulting in the metal hexa-fluoride
and SiF,. For a CF4/4% O, mixture in
a bgrrel reactor MoSi; etch rate of
920A/min was measured at an RF power
of 100W and 0.3 torr [44]. Under simi-
lar conditions, an etch rate selecti-
vity of ~18 for MoSi; over SiO, and of
~3 for poly-Si over MoSi, were reported
(44]. An etch rate of Sgoﬁ/mln was
obtained for Nbsi, [15]. For WSi, in
CE /0, mixtures, an etch rate ratio of

3 0 9 for WSi,/poly-Si has also been
measured for O, percentage up to 10%
(45]. 1In NF5 plasmas, the Mo and MoSi
etch rates have been found to be gen-
erally higher than thcse in CF4/0,
plasmas. Flg 9 shows the etch rate
in NF placma as a function of reactor
pressire at 1A of RF current.

(Figure 9)




P A
A

v,

. ri,
SN .
e 'y ‘e

st 0t ORAM AR
KM B *
o te T . ot .
.
.

At a pressure of 0.2 torr in a planar
yeactor,. an etch rate of 1800 and 7850
A/min has been reported [47) for Mo and
MoSi,, respectively. Diluting NFj
with inert gases, such as argon and
helium, resulted in significant
decrease in etch rate (48]. The etch
selectivity of MoSi, over S$iO2, Mo over
S§0, and MoSi, over poly-Si were 4-8,
145-4 and 2.5-4, respectively [48].
The capability of the plasma etching
pRocess is demonstrated in the fabri-
cation of 1lym MoSi, lines, as shown
in the SEM micrograph of Fig. 10.
(Figure 10)
Plasma etching of MoSi, in a barrel
reactor with CF4/0 miXtures has
resulted in an 1so€ropic edge profile.
On the other hand, a fairly anisotropic
profile (vertical-to-lateral etch ratio
of ~3) was measured in planar plasma
etching with NF, [48]. The edge pro-
files of the WSij/n+poly-Si structure
have been investigated in CF4/03 mix-
tures in a planar reactor [45] as well
as in a flexible diode reactor [46].

B. Oxidation

The growth of a high-quality oxide
layer is an attractive aspect of the
silicide-gate technology. The oxida-
tion kinetics of several of the sili-
cides have been studied in oxygen and
steam ambients for silicide on oxide
or silicon substrates. 1In the case of
MoSiz thin films on SiO5/Si, oxidation
in dry oxygen leads to the formation
of Si0, and intermediate silicides
(MogSij,Mo3Si) [51,52]. The value of
the activation energy for the linear
and parabolic rate constants have been
shown to be 44 and 37 Kcal/mole,
respectively. Similar oxidation char-
acteristics have been found for WSi,
films sputtered from alloy targets,
resulting in WSSi3 and SiO, [53]).
Oxidation of coevaporated WSi2 films,
résults in free tungsten in coexist-
eflce with WSi,, but no intermediate
sflicide phases [54]. The difference
in structure upon oxidation may be
attributed to the level of impurities
(cf. carbon) present in the deposited
films [55].

Oxidation studies on other silicides,
such as TaSis [56-58] and Tisi, [59,60]
have also been done. These silicides
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have different oxidation characteris-
tics. PFor TaSi,, in dry oxygen or
steam, silicon aioxide was found on
surface. However, for TaSi, on poly-
Si in oxygen, only a very tgin (~70A )
layer of SiO, (but no metal oxide) and
no further oxidation were observed.

On the other hand, TaSi, can be readily
okidized in steam, resuzting in a
stirface layer of mixed Ta-Si oxide with
-810, underneath. The activation energy
for“parabolic rate constant in steam
has been determined to be 32 Kcal/mole
[56]. 1In the absence of an underlying
silicon layer, steam oxidation leads

to formation of mixed oxide at low
temperatures (<1000°C) but only SiOjp

at high temperatures [58]. A mixed
Ti-Si oxide with underlying SiO; has
also been found in steam oxidation of
TiSi, on single crystalline or poly-Si
[59,%0]. Similar values of activation
energy have been deduced.

C. Ion Implantation

Since the gate metal is often used as
ion implantation mask during the
source/drain doping, the effect of
implantation of various Group III and
V ions on silicide thin films needs to
be investigated. The case of phos-
phorus implantation into MoSi, thin
films has been recently studied [19].
Structurally, implantation increases
the hexagonal to tetragonal MoSi
transition temperature. Also, possible
presence of MoP was detected at high
dosages. Significant redistribution
of phosphorus after annealing was also
observed, similar to the WSi., case [32]
but the level of contaminantg (Ar,C)
remained essentially the same. Iso-
thermal and isochronal annealing have
indicated a minimum temperature of
950°C and a maximum dose of 2x1016/cm?
mdy be used without significantly in-
creasing the sheet resistance of these
silicide films.

—

D. Ion-Beam-Induced Contacts

Since the thermal formation of metal-
to-silicon ohmic contacts for many of
these refractory materials are not
optimal [13],, interface mixing for
contact formation has been studied for
various refractory metal/Si structures
by implantation with different types
of ions. 1Inert gases [61] and Group
III or V elements [62-64] have been

..........
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S explored. When Group III or V ions
S are used, silicide formation and

T contact doping can be combined in one
oo step. In the case of Mo/Si, implan-
33 tation of phosphorus or arsenic leads
SANEE to the formation of hexagonal MoSi

. [62-64] which is transformed to the
tetragonal phase after annealing at
témperatures higher than 800°C. Also,
traces of MoP were found at high dosage
.of phosphorous [64]. Smooth surface
MBrphology and low contact resistance '
are some of the attractive features of
these ion-beam-induced contacts.
Recently, an application of this tech-
nique has been reported in the fabri-
cation of an Mo-gate, 4K static RAM
circuit [65].
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V. DEVICES AND CIRCUIT CHARACTERISTICS

The incorporation of refractory
materials in state-of-art integrated
circuits requires the study of the
related MOS structures and device and
circuit components. In this section,
wi first discuss the characteristics
oL MOS capacitors and discrete FET's.
The performance potential of refractory
mdterials in VLSI circuits is then
presented in the results from typical
test vehicles. Finally, VLSI circuits
implemented with this technology are
reviewed and their performance des-
cribed.

A. MOS Structures

To successfully utilize these refrac-
tory metals and metal silicides in
circuits, various MOS device parameters
need to be determined and carefully
controlled. The work functions of
these materials, MOS threshold voltage
and its stability, gate breakdown volt-
age distribution as well as device and
circuit parameters are among them.
Capacitance-voltage measurements on
MOS capacitors have been used to deter-
mine the work functions of these
refractory materials. Whereas the
metal work functions have been well
known and also been determined with
other techniques [66], the silicide
work functions have only been obtained
from MOS structures recently [6,15,67,
68].

For example, the flatband voltages
versus oxide thickness for NbSi, p-
and n- MOS structures, as shown in
Fig. 11, correspond to work function
values of 4.35 and 4.53 eV, respec-
tively.

(Figure 11)

I'l.

Generally, values ranging between 3.67
an® 4.25 eV have been reported for

T7i8i, and TaSi, and between 4.35-4.8 eV
for Nbsi,, WSijy, and MoSiz,while values
between 4.02-4.63 eV for all the metals
considered here. Hence, the metal and
metal silicide work functions are
nearly the same. Comparing these with
the value (4.2 eV) for n+ poly-Si, the
disilicides of niobium, tungsten and
molybdenum have higher values.
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Unlike doped poly-Si, these metals or
metal silicides do not have a phos-
phorus gettering cycle in their process.
Consequently, threshold voltage stabi-
lity may not be realized due to contam-
inants within the metal or metal sili-
cides. Phosphorus has been put into
MoSiy films [69,70] to ensure threshold
stability. Furthermore, surface state
dehsities comparable to that of poly-Si
haVe been shown for Mo-, MoSij- and
Ws¥,-gate devices [21,6,31], as well as
for many polycide-gate devices [9, 35,
37].

B. Test Devices and Circuits

Several short channel refractory-gate
MOSFET's have been reported [7,8,9,21,
28,35,37). For refractory metals, Mo-
gate devices have been scaled down to
<2m {21,28]. Also, size effects,
similar to those observed for silicon-
gate devices, have also been measured
in silicide- or polycide-gate MOSFET's
using MoSi,, Wsi,, and Tisi, [(7,33,71,
35,28].

An example of a short-channel, M°Sii'
gate MOSFET, with dimensions of 1.7< x
1.7um2, is shown in Fig. 12.

(Figure 12)

Generally, significant decreases in
threshold voltage were found for FET's
with channel lengths less than 3um.

Threshold voltages as a function of
channel length for MoSijs~gate MOSFET's
are shown in Fig. 13.

(Figure 13)

Field-effect electron mobilities ap-
proaching the silicon-gate counterparts
(600V/cm2-s) have also been reported
[71,9,35,28]. Finally, N-channel, de-
plétion-mode devices using WSij-gates
have also fabricated {72].

A number of refractory-gate test ve-
hicles used to study the circuit per-
formance have been reported. These
include NMOS, CM0OS/S0OS and CMOS ring
oscillators, and an 8K ROM ({73,33,34,6].
An NMOS silicifie-gate, 2-um, 25-stage
ring oscillator exhibited a minimum
delay of 1lns [73] while a MoSij;/n+ poly-
Si gate, 4um CMOS/SOS ring oscillator

LT W .




had a delay of 0.6 ns [33). A micro-
photograph of a test chip implemented
with 3um CMOS technology and polycide
(MoSiz2/nt* poly Si) and MoSi, gates is
shown in Fig. 14.

(Figure 14)

A 39-stage ring oscillator and a 1100-
transistor block of pattern generator
cogtained on the test chip showed sim-
ilgr delay of 1.2ns/stage.

Switching delays and power-delay
products for ring oscillators implemen-
ted with both gate technologies are
shown as a function of power supply
voltage in Fig. 15. The delay per
stage as a function of power consumed
is shown in Fig. 16. It is interesting
to compare the performance of this cir-
cuit with the state of the technology
[81) in 1982 as shown in Fig. 17.

(Figure 15)
(Figure 16)
(Figure 17)

C. VLSI Circuits

Recently, refractory gate technology,
particularly molybdenum, has matured

to the extent that VLSI circuits have
been fabricated. Among the refractory
metal gate RAM circuits reported to
date include: 64K and 256K Mo-poly-Si
gate dynamic RAM's (74,75,76] as well
as 2 4K Mo-gate static RAM with novel
buried contact techniques [(77,65].

Also, two polycide-gate memory circuits,
a 1.m, 2K WSip/n+ poly-gate dynamic RAM
{32,781 and a 64K dynamic RAM [36] using
TaSi/n+ poly-Si, have been presented.
Furthermore, a 32-bit VLSI processor
containing 450K transistors using poly-
Si gates but two upper levels of tung-
sten interconnects [79,80] have also
been announced.

In the dynamic RAM's fabricated with Mo-
PoYy technology, molybdenum is used for
the-word line and gate electrodes for
MOSFET's in memory cells and aluminum
for the bit line and the column select
line. Poly-Si is only used for gate
electrodes for MOSFET's in peripheral
circuits and storage capacitor elec-
trodes. Since both the word line and
the bit line use metals, the propaga-
tion delay within the memory array is
small. The 64K chip has a




die size of 3mm x 3mm ané memory cell
size of 8uym x 8uym. An access time of
. 95ns has been achieved. Scaling up
R ) the complexity to 256K increases the
ul die size to 5.8 x 5.9 mm but the memory
) . cell size {8ym x 8.6um) and access time
o (100 ns) remains essentially the same.
. Novel buried contact schemes tried in
o the 4K Mo-gate RAM's are: incorpora-
ion of phosphorus during molybdenum
’l -fiilm evaporation and its subsequent
o diffusion into the silicon substrate
b [77], and ion-beam-induced contact
1 formation with arsenic [65] prior to
[ Mo deposition. Small memory cells
(21 um x 34 um) and fast access time
3' (18ns) are the main attractive features
X of these RAM's.

For the polycide-gate RAM's, in the
case of WSi,/n+poly-Si, a memory cell
size of 34 ym?2 with 1 micron minimum
feature sizé has been described [32,
78]. An almost order-of-magnitude
improvement in wordline risetime has
been achieved with the use of the
polycide as the word-line material
instead of poly-Si [32].
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VI. SUMMARY AND CONCLUSION

Refractory metals and related compounds
have beer known for some time to be
compatible with MOS IC processing.
Until recently, the lower sheet resist-
ance achieved with refractory metals
was outweighed by the increased process
complexities and difficulties. The
present drive towards one micron reso-
1dtion for VLSI has resulted in renewed
ihterests in this technology. Consid-
erable activities have been undertaken
in the understanding and development

of the science and technology of re-
fractory gate materials for VLSI.

While those activities continue at
present, the technology has been de-
veloped to the point where most VLSI
memory and logic circuits contain
refractory materials as a critical
component. In this paper, we have
reviewed the development of refractory
gate metallization for VLSI circuits

in all of its aspects: thin film
material properties, gate structures,
processing technology and device and
circuit characteristics.
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